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The major protective coat of most viruses is a highly symmetric protein capsid
that forms spontaneously frommany copies of identical proteins. Structural and
mechanical properties of such capsids, as well as their self-assembly process,
have been studied experimentally and theoretically, including modeling efforts
by computer simulations on various scales. Atomistic models include specific
details of local protein binding but are limited in system size and accessible
time, while coarse grained (CG) models do get access to longer time and length
scales but often lack the specific local interactions. Multi-scale models aim at
bridging this gap by systematically connecting different levels of resolution. A
CG model for CCMV (Cowpea Chlorotic Mottle Virus), a virus with an icosa-
hedral shell of 180 identical proteins, is developed, where parameters are de-
rived from atomistic simulations of capsid protein dimers in aqueous
solution. In particular, a new method is introduced to combine the MARTINI
CG model with a supportive elastic network based on structural fluctuations
of individual proteins. In the parametrization process, both network connectiv-
ity and strength are optimized. This elastic-network optimized CG model,
which solely relies on atomistic data of small units (dimers), is able to correctly
predict inter- protein conformational flexibility and properties of larger aggre-
gates. Here, aggregates of 20 and more capsid proteins are chosen that are pos-
sible intermediates in the assembly process or otherwise relevant for the
mechanical stability of the CCMV virus shell. Furthermore, it is shown that
this CG model reproduces experimental (Atomic Force Microscopy) indenta-
tion measurements of the entire viral capsid. Thus it is shown that one obvious
goal for hierarchical modeling, namely predicting elastic aspects of larger pro-
tein complexes from models that are carefully parametrized on smaller units, is
achievable.
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Improving Inference of Rate Parameters for Viral Capsid Assembly
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Lu Xie, Gregory Robert Smith, Russell Schwartz.
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Computational methods have been widely used to infer properties of complex
systems that one cannot directly observe experimentally. Viral capsid assembly
is a key model system for complex self-assembly for which we lack direct ex-
perimental data on critical information, such as kinetic parameters, needed to
build models and reveal detailed assembly pathways. We previously sought
to learn such hidden parameters with a heuristic optimization approach using
gradient and response surface methods applied to the light scattering measure-
ments of three in vitro viral assembly systems: human papillomavirus (HPV),
hepatitis B virus (HBV), and cowpea chlorotic mottle virus (CCMV). This
method successfully learned plausible kinetic parameters for all the three vi-
ruses leading to reconstruction of detailed models of assembly pathways. Sig-
nificant computational challenges, however, hinder our ability to construct
more precise or detailed models and reliably quantify uncertainty in the infer-
ences. First, there is no closed form representation for the quality of fit of
models to data, which therefore must be evaluated through computationally
costly simulations. Second, the problem requires stochastic simulations, and
the resulting simulation trajectories must be averaged over many replicates
to suppress noise. Third, optimization of parameters must account for unknown
factors and imprecision of experimental measurements. We explore here im-
provements based on the idea of derivative free optimization (DFO), a class
of optimization algorithm that can achieve faster and more accurate fitting, es-
pecially on systems characterized by costly, noisy evaluations of quality of fit.
Preliminary tests show improvements over our custom gradient-based method
using a DFO strategy.Work is continuing on evaluating different DFOmethods
and customizing them to inference of kinetic parameters in order to determine
the best strategies for inferring unobservable physical parameters in complex
biological self-assembly systems.
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Arbor, MI, USA.Many viruses systems respond to cellular cues by undergoing structural rear-
rangements. The rearrangements can involve modification of the individual
subunit protein configuration and/or large scale changes to the capsid shape,
size and morphology. In the latter case, these changes are largely driven by
changes to the protein-protein interfaces in capsid. One of the most common
cues a virus encounters during its infection process are pH modifications.
The manner in which viral systems respond to pH changes is varied, however,
by developing robust simulations methods for exploring these changes we will
be able to examine a range of systems in the near future. In this work, we have
focused on the bacteriophage HK97, as a model system for understanding
large-scale, pH-induced conformational changes in virus capsids. HK97 un-
dergoes a maturation process during which the capsid swells and facets, chang-
ing it from a spherical to a polyhedral morphology. The in-vivo process
involves the packaging of the DNA genome, however, in-vitro, an analogous
transformation can be achieved in the absence of DNA, just by means of pH
alterations. We have employed constant-pH molecular dynamics along with
string-method refinement and umbrella-sampling calculations to estimate the
free-energy profiles along the maturation reaction coordinate. We have inves-
tigated how pH can influence this energy landscape by calculating pKas of ti-
tratable residues in both the mature and immature states, from which DDG’s of
maturation can be calculated as a function of pH. By correlating key structural
rearrangements with residues which have significant pKa shifts we can begin to
form a mechanistic picture of how pH can trigger changes to the capsid struc-
ture and modulate the free energy landscape.
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Viral capsid assembly has been widely studied as a biophysical system both for
its biological and medical significance and as an important model system for
complex self-assembly processes. One important and largely unresolved ques-
tion is how viruses select among the potential pathways by which a capsid
might assemble. Sources of experimental data to resolve assembly pathways
are limited in scope to in vitro studies. We have previously applied numerical
optimization methods to fit kinetic rate parameters of assembly simulations to
light scattering data in order to more accurately model the in vitro viral capsid
assembly process, making it possible to predict detailed patterns of interaction
and pathways of assembly of specific viruses. There is substantial reason, how-
ever, to suspect the interaction patterns inferred in vitro might be altered in
a very different in vivo environment. We examine here one aspect of this dif-
ference, effects of intracellular molecular crowding on assembly kinetics and
pathways. We have applied regression models developed from Green’s func-
tion reaction dynamic simulations to adjust inferred reaction kinetics of capsid
models to reflect likely differences in crowded systems. We then examined how
such adjustments affect computer models of the capsid assembly process. We
applied these methods to three icosahedral viruses: human papillomavirus
(HPV), hepatitis B virus (HBV), and cowpea chlorotic mottle virus (CCMV).
Preliminary results show complicated effects on pathway dynamics, with in-
creased cellular crowding increasing the nucleation rate of CCMV and HBV
capsids while slowing the nucleation rate for HPV capsids and increasing a pro-
pensity to kinetic trapping in all viruses studied. Future work will explore how
additional features of the cellular environment may act synergistically to lead to
rapid, robust growth in living cells.
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Brownian Dynamics Simulations of Polymer Mediated Capsid Assembly
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Viral capsid assembly consists of hundreds to thousands of protein subunits
spontaneously forming an icosahedral shell around the viral nucleic acid ge-
nome. We investigate this assembly using Brownian Dynamics simulations
of coarse-grained models which include capsid protein cationic tails, or Argi-
nine Rich Motifs (ARMs); a common structural element through which viral
capsids interact with their nucleic acid genome or a surrogate polymer cargo.
In our simulations, we find that the presence of a polymer greatly enhances
the rate of assembly through a disordered mechanism, wherein many cap-
somers adhere to the polymer before successful capsid assembly occurs.
Through these simulations we are able to investigate the role of several vari-
ables, including ARM location and length, as well as structural features of
the polymer cargo, including the length, stiffness, and secondary structure
414a Tuesday, February 5, 2013(i.e. base pairing). Of particular interest, our results demonstrate that the
amount and pattern of base pairing significantly alter the amount of polymer
packaged within the capsid, providing a biologically relevant example of the
relationship between cargo structure and capsid assembly.
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The budding of enveloped viruses is a complex multi-step process requiring
alterations in membrane curvature and scission at the neck of the budding
virion. M2 is a pH-dependent matrix protein from influenza virus widely
known for its role in viral uncoating and the target of the amantadine flu
drug that prevents proton transport. An additional role played by M2 relies
on collective effects where M2 clusters have been hypothesized to induce lo-
cal membrane curvature, resulting in a reduced energetic cost associated with
the bending of the membrane and where the budding of virus particles takes
place in a cholesterol dependent manner (Rossman et al., Cell 142, pp. 902-
913, 2010).
We use computer simulations to study the effect of M2 tetramers on lipid mix-
tures consisting of sphingomyelin, DOPC and cholesterol in different ratios and
temperatures in a range where lipid mixing and segregation take place. We are
working on estimating entropic and free energy contributions to membrane
curving and other energetic and structural effects through large-scale simula-
tions with the coarse-grained MARTINI model. These models will form the ba-
sis for understanding in detail how M2 induces curvature in membranes as part
of the viral budding mechanism in influenza.
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Rabbit hemorrhagic disease, first described in China in 1984, causes hemor-
rhagic necrosis of liver after infection. Its etiological agent, rabbit hemorrhagic
disease virus (RHDV), belongs to the Lagovirus genus in the Caliciviridae fam-
ily. The molecular structure of member of Lagovirus is still unknown in detail.
Here, we reported a cryo-electron microscopic reconstruction of wild RHDV at
6.5 A˚, the crystal structures of the S and P domain of its major capsid protein
VP60 at 2.0 A˚, and the building of a complete atomic model of the RHDV cap-
sid. RHDV VP60 has a conserved S domain and a specific P2 sub-domain that
differ from those found in other caliciviruses. Comparison between our high-
resolution model and previously reported model of RHDV capsid reveals dis-
tinct structures of the P2 sub-domains and different conformations of the NTA
domains. Sequence alignments of VP60 from six groups of RHDV strains re-
veal seven varied regions that can be mapped onto the surface of P2 sub-
domain and suggest three putative binding pockets that might be responsible
for histo-blood group antigen binding. A flexible loop (a.a.300-318) selected
from these regions is found to interact with rabbit tissue cells and to contain
an important epitope for anti-RHDV antibody production. Our study provides
the first authentic atomic structure of a Lagovirus and suggests a new candidate
for an efficient vaccine to protect rabbits from RHDV infection.
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Some small icosahedral RNA viruses (e.g., MS2) require a specific packaging
signal for the formation of virus particles. Others (e.g., cowpea chlorotic mottle
virus (CCMV); Pariacoto virus (PaV)) are able to encapsidate a wide variety of
RNAs, forming virus-like particles (VLPs) whose structure are only slightlydifferent from that of the wild-type virus.
We have determined the structure of the ge-
nomic RNA of satellite tobacco mosaic vi-
rus (STMV) in an in vitro transcript (see
image below). This structure is very differ-
ent from the structure of STMV RNA
probed inside the virus by Schroeder et al.
(BJ 101:167 (2011)), which consists of
a string of stem-loops connected by
single-stranded regions. We have also de-
veloped all-atom models for three viruses:
PaV (using a hypothetical secondary struc-
ture and a non-viral sequence); STMV (us-
ing the true sequence and the Schroeder
secondary structure); and MS2 (using the
true sequence and a hypothetical secondary
structure). In this talk, we discuss the impli-
cations of these secondary structures and
three-dimensional models for the pathways
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The cryo-EM Reconstruction of Drosophila C Virus (DCV) at 5.4 A˚
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TheDicistroviridae family,which is currently classified under the Picornavirales
order, groups a pool of arthropod-infecting viruses with bicistronic genomes.
The interest in this family of viruses has been fueled due to the economical im-
plications of their hosts, which range from beneficial arthropods (bees and
shrimps) to insect pests (crickets, ants and triatomines). Two crystallographic
structures of dicistroviruses have been reported to date: Cricket Paralysis Virus
(CrPV, type species of the Cripavirus genus) and Triatoma Virus (TrV). their
structures revealed that dicistroviruses share a core archetypal organization,
which is complemented by external and internal capsid-wide differences that
likely have arisen from unique host adaptation. In this work we report the cry-
oEM reconstruction at 5.4 A˚ resolution, and C-alpha trace of Drosophila CVirus
(DCV), a viral pathogen that infects Drosophilamelanogaster, among otherDro-
sophila species. This virus holds a 65.8%sequence identitywithCrPVand, given
the ability of the latter to replicate inDrosophila hosts, a detailed comparison can
give insight into the infective cycle of dicistroviruses.
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Antigenic variation of influenza virus hemagglutinin (HA) remains the principal
challenge in developing more effective vaccines. Here, we report determination
of the 3D structures of HA trimers on intact 2009 H1N1 pandemic virus particles
in the absence and presence of neutralizing antibodies. We studied HA trimer
structures bound to H17-L10, an antibody that recognizes a quaternary epitope
near the head region of the trimer, and to C179, a broadly neutralizing antibody
that is reactive to the conserved stem region of HA and neutralizes viruses ex-
pressing a broad range of HA subtypes (H1, H2, H5, and H9). We deduce the lo-
cations of themolecular surfaces of HA involved in interactionwith each of these
antibodies. Despite the dense packing of HA
trimers on the viral surface, and the location
of the stem region close to the viral mem-
brane, we show that ~75% of HA trimers
have C179 bound to the stem domain.
Thus, the majority of HA trimers on intact
virions are available to bind anti-stem anti-
bodies that target conserved HA epitopes,
suggesting that universal influenza vaccines
that elicit such antibodies could be effective.
